Tectonic motion rates of individual faults and regional deformation in an intraplate setting are estimated, based on the analysis of ten yearly surveys of a regional levelling network in NE Ardenne (W Europe). Owing to the frequency and number of measurement epochs, much greater than in classical comparisons of general surveys, the tectonic and near-surface components of ground motion are clearly separated. The marked temporal variability in ground motion strongly depends on the amount of precipitation fallen during the six months preceding each survey and the subsequent drying off of the subsoil at the time of the surveys. Moreover, the ground response to this influence varies from place to place, leading to high differential movements at the local scale. Taking into account the percentage of surveyed faults which moved tectonically during the time of the study, I calculate fault motion rates of 0.06^0.09 mm/ yr, similar to geological rates. Moreover, the data indicate that one way for intraplate normal faults to accommodate tectonic strain aseismically is intermittent fault creep, with short episodes of a few mm displacement separated by many year-long time intervals of fault quiescence. A flexural deformation shows the superposition of a tilt event on a trend corresponding to a tilt rate of 0.16 Wrad/yr for a 2.8-km-long segment. ß
Introduction
There is a persisting contradiction between the high rates of vertical motion inferred from geodetic data (0.5^5 mm/yr) [1^7] and one order of magnitude lower long-term rates deduced from geological observations [8^11] for individual structures and regional deformation in intraplate settings (Table 1) . This is mainly due to the very low actual rates of crustal motion in these regions, implying that long periods of observation are needed for tectonic displacements to exceed the measurement noise and that many non-tectonic causes of such movements have also to be considered. However, the high geodetic rate estimates have contributed to the assumption that many areas currently experience increased tectonic activity [12, 13] or that the contribution of transient seismotectonic processes is recorded at the geodetic timescale [14] .
From 1993 to 2002, we carried out repeated high precision levellings across the northern margin of the uplifted Ardenne massif in the extensional setting of the Lower Rhine Embayment (W Europe). The ¢rst aim of the study was to separate the tectonic and near-surface components of the recorded vertical ground motions. Among near-surface causes of movement, particular attention has been paid to the in£uence of water in the soil and subsoil. The second and main objective lay in identifying and characterising possible individual fault motions, especially getting a closer look at their temporal evolution. More generally, I attempted to estimate average fault motion and regional deformation rates for the study area, to be compared with ¢gures deduced from geological observations. Both objectives required that the levelled network be surveyed as many times as possible. We thus conducted ten levelling campaigns at 1-yr intervals.
Geological setting
The study area extends across the NE margin of the Ardenne in E Belgium (Fig. 1) . The Ardenne is a Palaeozoic massif located to the west of the Lower Rhine segment of the European Cenozoic Rift System. The levelling network is situated V20 km SW from the major bounding faults of this graben. It extends on the northern £ank of the Cambrian Stavelot massif, where the Variscan fold-and-thrust belt has been superposed on structures inherited from the Caledonian orogeny, resulting in a structurally complex basement wherein longitudinal ENE^WSW folds and thrust faults are cut by numerous NW^SE to NNW^SSE striking normal faults.
The region has uplifted between 400 and 500 m since the Oligocene chie£y in response to far-¢eld stresses (Alpine push, N Atlantic oceanic expansion) and possibly also as a consequence of mantle upwelling beneath the nearby Eifel [15] . The uplift rate sharply increased from the Pliocene, culminating at a mean 0.1 mm/yr in the early and middle Pleistocene. Studies of Quaternary river incision suggest that uplift rates up to V0.5 mm/yr could be reached in NE Ardenne between 800 and 400 ka but that tectonic quiescence prevailed in recent times [16^18] .
Superimposed on this epeirogenic upheaval, several NNW^SSE normal faults cutting the Stavelot massif and its northern foreland have been reactivated in close relation with the opening of the Lower Rhine rift segment since the upper Oligocene. The Lower Rhine graben and its western shoulder, including the NE Ardenne, are currently characterised by weak to moderate seismicity [19] . One of the most violent historical earthquakes having ever struck NW Europe, the Verviers earthquake of 1692, occurred somewhere in close vicinity to our study area [20] . 
The data
Ten yearly surveys of the 48-km-long levelling network (58 sections) are available for the 19932 002 period. The surveyed area includes several normal faults active during the Quaternary and the £exured border of the massif (Fig. 1) . The majority of the benchmarks belong to the ¢rst-order levelling network of the Belgian National Geographical Institute, except along the eastern half of levelling line 2 ( Fig. 1) where we installed new marks. Most of the benchmarks we used are set either in Palaeozoic rock outcrops or at the base of v 40-year-old stone or brick buildings generally with foundations 2^2.5 m deep. Local geological conditions are of three main types. Most geodetic monuments are built on fresh Palaeozoic rocks. In the Vesdre valley, they are founded in alluvial plain or low terrace deposits. In the south of the network, on the top of the massif, they lie on a weathered Palaeozoic basement or Cretaceous clay-with-£ints. We used Leica NA-3000 levels and 3-m-long code bar invar rods (the same pairs of rods from 1993 to 2002). Data acquisition met all requirements of Belgian ¢rst-order levelling, corresponding to the recommendations of the International Association of Geodesy. The data have been corrected for the thermal expansion of the rods. Height-dependent systematic errors due to unequal atmospheric refraction or progressive damaging of the rod invar tapes were tracked by searching for correlation between section slope and tilt [21] . Another systematic error in the 1994 measurements was suggested by the mirror images yielded by the successive height change pro¢les of 1993^1994 and 1994^1995 for the apparently tilted levelling line 1 ( Fig. 1) , and con¢rmed by the marked trend displayed by the section misclosures along the line in 1994 [22] . This error has been removed by subtracting the apparent tilt of 0.81 Wrad from the 1994^1995 pro¢le.
After data correction, we observed several marked local height changes in yearly comparisons, especially ground motion discontinuities between segments of otherwise homogeneous behaviour and tilting of segments of the levelling lines. The highest variation of the height di¡erence between nearby benchmarks recorded by successive surveys amounted to 16 mm. This is far greater than the measurement standard error of 1. which implies that every sharp discontinuity of motion higher than V2.3 mm between benchmarks 1 km apart indicates a true ground displacement at the 95% con¢dence level. As for the yearly tilt of V5-km-long segments involving 6^7 benchmarks, values of up to 2 Wrad were observed. No particular motion discontinuity accumulated over the 1993^2002 period was higher than 8 mm, and only one steady tilting is noted at a rate of 0.16 Wrad/yr for a 2.8-km-long segment (see Fig. 2 for examples on the 1995^2001 period).
Some places showed important height changes almost every year, but with frequent sense reversals and a negligible resultant displacement after 9 years. Not being geodetic artefacts, these oscillations point to the in£uence of near-surface factors of displacement. However, the non-random patterns of motion and their independence of the type of monumentation prevent associating them directly with monument instability as often suggested [23^25].
Near-surface origin of ground motion
In the absence of groundwater and soil moisture data, I used rainfall data to assess the possible linkages between ground motion and water content variations in the soil and subsoil. Daily values from either of two sites located within or very close to the levelled network and fairly representing the two contrasted topoclimatological contexts prevailing in the area were assigned to every individual levelling section, and several cumulative functions convolving rainfall on various time lengths were calculated. Table 2 shows the correlation coe⁄cients computed between height change variations and several short-term rainfall functions (RF) for 12 sections representative of the various morphological/ geological environments present in the study area. Functions of the form:
(with r k = daily rainfall ; d = time constant and p = model order) involve rainfall of the last 1 day to 6 weeks before the measurements and show no signi¢cant correlation with ground motion at the 95% con¢dence level. Only weak correlations occur sparsely between particular sections and RFs. Instead, the yearly mean section height change variation over the whole network has been demonstrated to strongly depend on the varying amounts of precipitation fallen during the 6 months preceding each survey [22] , i.e. precipitation of winter and early spring. In this case, the most e⁄cient rainfall function simply is:
where vP mðt;t31Þ = di¡erence in monthly precipitation between years t and (t31) (Fig. 3) . Not only does this suggest that the short-term response to wetting and drying of the shallow soil plays a subordinate role in determining vertical ground motion, but also the nature of the parameter I used^MvHM m , the yearly mean section height change variation in absolute value^shows that ground displacements are sensitive to spatial variations of the causal factor at the km-scale. It seems impossible that loading by groundwater be responsible for such a highly di¡erential in£uence, all the more as the recorded motion amplitude would imply unrealistic groundwater table variations. A better candidate for explaining the link between ground motion and the amount of winter rainfall certainly is the variable spring drying o¡ and subsequent consolidation of the material of the vadose zone at the time of the surveys [26] . In this case, the spatial variability of ground motion is accounted for by the variable nature and thickness of colluvium, cover sediments and weathered bedrock. Moreover, Table 3 shows that all geomorphological subareas covered by the levelling network display similar strong links between yearly mean section height change variation and the winter rainfall function. In particular, the displacements recorded for the most mobile individual sections located in the Vesdre alluvial plain are also markedly dependent on drying o¡. As the location of these larger vertical displacements is in several cases determined by the presence of faults, the latter's passive in£uence may easily be confused with true tectonic activity (Fig. 4) .
Complementing the site monitoring and modelling of the same relation by several authors [262 9], I show here that ground movements depending on the degree of drying o¡ and consolidation of the subsoil generally display sharp local/regional-scale gradients and may reach one or two centimetres in amplitude. The sense reversals of ground motion which are frequently observed in the case of several successive surveys result from the same cause. The obvious consequence is that, in the mm-to-cm amplitude range, very few of the vertical movements identi¢ed by comparing levelling surveys are not contaminated by near-surface in£uences and may indeed reveal a true tectonic activity. This conclusion casts heavy doubts on involves the monthly precipitation P m of the last 6 months (including winter rainfall) before the surveys at time t and t31. This particular, highly correlated function describes the precipitation conditions determining the spring drying o¡ and consolidation of the subsoil, dependent on the nature of the substratum in the study area. Adequate functions might be di¡erent in the case of a Palaeozoic bedrock or a thick Tertiary sand cover and are most easily determined empirically. Table 3 Pearson's correlation coe⁄cients between yearly mean section height change variation and the '6 months' rainfall function for subareas corresponding to di¡erent morphological/geological settings every interpretation in terms of active tectonics of vertical movements inferred from national or special levelling comparisons based on only two or three surveys, which is the usual case [1^7,12].
Vertical motions of tectonic origin and geodetic motion rate
Unless the very improbable prerequisite of similar drying o¡ conditions during the compared surveys is satis¢ed for every section, establishing the tectonic character of geodetically inferred small-scale ground motion patterns in intraplate areas requires both the spatial and temporal redundancy of their signature, i.e. con¢rmation of the latter by several consistent sections and surveys respectively on each spatial and temporal side of the recorded change (Fig. 5) .
In this study, such a requirement was met only by four ground movements (Fig. 1) , two of which occurred at two neighbouring points of the same fault zone between the 1998 and 1999 surveys and a third one, which corresponded to the more or less steady arching of the Ardenne massif (Fig. 6) . In contrast with an observed maximum raw displacement of 16 mm in yearly survey comparisons, the recorded total amplitudes ranging between 2.5 and 4 mm for the ascertained fault motions during the 1993^2002 period already reduces the estimated movement rates to more rea- 5 . Detection of a small vertical motion whose interpretation as a fault creep event is supported by the analysis of successive surveys (location: see Fig. 1 ). The spatial redundancy, preventing to misinterpret monument instability, is provided by comparing homogeneous segments comprised of several sections on each side of the discontinuity (the rms of individual benchmark motions with respect to the mean of each segment are of 0.6 and 0.3 mm for the 18^22 and 232 4 segments, respectively). The temporal redundancy, with six surveys displaying the same 'initial' relative position of the segments and four later surveys consistently showing the same change, which occurred in 1998^1999, makes sure that the recorded motion is not a drying-o¡-dependent oscillatory ground displacement, but rather a tectonic fault movement. sonable values of 0.28^0.44 mm/yr. However, we also have to account for the limited number of active faults present in the study area that actually moved during that time interval. Neotectonic data and the regional di¡use seismicity indicate that potentially moving faults cross the levelling lines in about 15 di¡erent points (Fig. 1) . If we assume that the probability of catching a ground motion during the 1993^2002 period was the same for all these points (which is unrealistic, but the approximation is authorised by the fact that the actually recorded displacements did not all appear on the most active faults of the area), we are justi¢ed in further dividing the above rates by 5 (in inverse proportion to the number of hits, i.e. 3 of 15 faults displaced). This yields ¢nal estimates of present-day rate of fault motion in the order of 0.06^0.09 mm/yr, averaging the activity of all active faults crossed by the levelling lines. This is fairly consistent with estimated upper Pleistocene rates of V0.05 mm/yr for several faults in the study area [30] . Although the respective degrees of activity are probably somewhat di¡erent, the agreement is also excellent with values of 0.070 .10 mm/yr given for Pleistocene rates of nearby (more active) border faults of the Lower Rhine Embayment ( Table 1) . The comparison between geological and geodetic estimates of the rate of regional motion is also satisfying. Based on river terrace reconstruction, common belief is that the regional doming centred on NE Ardenne and Eifel proceeded at a mean rate of 0.25 mm/yr during the last million years [16, 18] , and the area covered by the S part of our levelling network might have undergone even higher uplift [31] . Our levelling data record the subcontinuous tilting of a 2.8-km-wide stretch which localises a £exure developing at a mean rate of V0.44 mm/yr (i.e. a tilt rate of 0.16 Wrad/yr) along the £ank of the uplifting massif (Fig. 6) . Between 1999 and 2000, a particular tilt event of 4 mm amplitude superposed on this trend. This is much more consistent with geological data than previous geodetic estimates, e.g. uplift s 1.6 mm/ yr for the Eifel with respect to reference points in other parts of the uplifting Rhenish shield [1] or 0.8 mm/yr for the Maastricht area, outside the region of main uplift [12, 32] . Overestimates of regional relative motion may again have resulted partly from the use of only two or three national height surveys, where adjacent loops have been frequently measured at quite di¡erent times, and thus under highly variable subsoil moisture conditions. Due to this problem, the tectonic interpretation of levelling comparisons in whatever geodynamical setting is also certainly questionable when they deal with displacements at the cm-level on the basis of too few measurement epochs.
Nature of the observed fault motions
Our data also provide an insight into one way that moderately active intraplate normal faults use to accommodate tectonic strain aseismically. The fault displacements we recorded occurred every time across 5-to-10-km-long fault segments during a single year. Such motion events of a few mm amplitude and probably short duration separated by many year-long periods of stillness (at least 5 years in this study) are similar in nature to fault creep, extensively described, e.g. along some segments of the San Andreas fault [33, 34] , but with a reduced frequency adapted to slower stress accumulation and consequently smaller deformation rates. It is of particular interest that such a transient motion also occurred in the case of a £exure, superposed on a smoother long-term tilting.
A typical 3-mm creep event should occur every 50 years on average on a fault with a motion rate of 0.06 mm/yr. In other words, the creeping equivalent of a 0.5 m coseismic surface rupture with a return period of 5 kyr [9] would imply a 3-mm displacement every 30 years in average. This obviously renders elusive the geodetic monitoring of potentially seismogenic faults for earthquake-hazard-related purposes in zones of moderate seismicity, especially in the short and middle terms. However, I provide here some observations of how intraplate normal faults can behave aseismically and future investigations should concentrate on whether recording such aseismic slip events in intraplate settings may give any indication regarding the possible seismogenic character of a fault.
